The root extract of Angelica sinensis (AS) was examined as potential corrosion inhibitor of mild steel in 1 M sulphuric acid (H2SO4) media using weight loss, electrochemical and surface studies. Angelica sinensis has its medicinal importance in Chinese traditional medicine since ancient time. It is used to cure several diseases and most important one includes the anemia in women. So, this medicinal herb is chosen as naturally friendly corrosion inhibitor for mild steel in sulphuric acid, as it is easily available, cheap and easy to use. The weight loss results discovered that samples covered with AS showed less weight loss compared to the samples without AS. The electrochemical tests including electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization (PDP) showed good mitigation efficiency of AS in 1 M H2SO4 media. The mixed shift of the anodic and cathodic slopes advised that the AS represented as mixed category. The surface studies were completed using scanning electron microscopy (SEM) and contact angle. Both the studies displayed even surface in existence of AS and rough surface in its absence. The kinetic and thermodynamic parameters were also calculated. All the experimental results are in decent pact respectively.
INTRODUCTION
Mild steel is preferred all over the world owing its small price and availability. It could be used as a suitable material for oil field storage tanks, transportation pipelines, boilers etc. [1] . The storage tanks store oil for a long period of time. To enhance oil recovery, the tanks are washed with acidizing solutions. Sometimes, to remove the clots or precipitations on the internal side of transportation pipelines they are treated with acidic solutions. These acidizing solutions may cause severe corrosion in the storage tanks, pipelines or oilfield reservoir [2] . This could further lead to accidents, failures and complete shutdown of the place. Internal corrosion is very difficult to measure or to keep a regular watch as the blisters can develop beneath the coating of the pipeline and can grow severely with time. The depth of the pitting or uniform corrosion will increase extensively if not treated well in time. The corrosion will start to form more pits and cracks throughout the area leading to the failures and accidents. So, there is always a need to develop compounds that can be mixed with acidizing solution to mitigate corrosion during the acidization process.
Although, many corrosion mitigating technique exists, but use of inhibitors is widely used and best practice to effectively mitigate corrosion process. It is of both pragmatic and theoretical importance. Inhibitors are used in pickling, descaling and cleaning processes to reduce the corrosion rate of the metals. Now, due to strict regulation from the governments and environment regulatory boards the existing compounds cannot be used in higher concentration due to their toxicity level. Adding these substances in lower concentration may not work always depending on the size of the tanks. It is cheap, easily applicable and requires simple instruments. So in order to develop and test ecofriendly compounds, extraction of substances from plants being natural, without toxicity was conducted. Several authors have conduced similar tests and have obtained good results as oilfield inhibitor [3] [4] [5] [6] [7] [8] [9] [10] . The achieved results exhibited that plant extracts could function as potential corrosion inhibitors.
Plant extracts are significant as they are ecologically benign and renewable foundation for an extensive variety of desirable mitigators. Natural extracts are regarded as an extremely ironic source of biological mixtures that can be separated by modest techniques with small price. Although, well recognized that inhibition takes place through adsorption of AS particles on the steel surface. The adsorption can further reflect the nature of inhibition efficiency of the inhibitor depending on chemical, mechanical, physical, and structural properties under given circumstances [11] .
A. sinensis is a herb from the family of Apiaceae that grows in cool elevated peaks in China, Japan, and Korea. It is also known as dong quai Chinese: 当归)or "female ginseng" with its peculiar yellowish brown root. It is believed to be used for more than thousand years in traditional medicine and is beneficial for women's health. The medicine prepared from the roots of A. sinensis provides several remedies to diseases such as anemia, osteoarthritis, infections, high blood pressure, cardiovascular conditions, headache, fatigue, and inflammation. A. sinensis is rich in various naturally occurring chemical compounds including flavonoids, polysaccharides, sterols, ferulate, ligustilide, p-cymene, butylphthalide, cnidilide, and isoenidilide. Due to these chemicals in the extract better mitigating effect is seen for the corrosion of mild steel in acidic media. Since, we are focusing on the extract so no methods were employed to separate the components or to study them separately. Natural images of A. sinensis are shown in Fig. 1 . The present work explores the impeding outcome of root extracts of female ginseng (Angelica sinensis) (AS) on the mild steel corrosion in 1 M H2SO4 media using the weight loss, electrochemical and surface methods. 
EXPERIMENTAL SECTION
Mild steel samples of specified dimensions were used for all the tests. The mild steel samples were prepared as test electrodes embedded in epoxy resin with open 1 cm 2 area for electrochemical experiments. The visible surface was rubbed with SiC abrasive paper (different grades), washed carefully and dried prior to use. The acidic solution of 1 M H2SO4 was organized from analytical rated H2SO4 and distilled water. AS was prepared using 100 grams of dried powder in 500 ml of purified water after refluxing for 5 hours. The obtained liquid was cleaned several times to eliminate contaminations.
Gamry electrochemical workstation was used to carry out the electrochemical experiments. A traditional three electrode was used together in a cell consisting of a reference electrode, counter electrode and working electrode, respectively. Prior to the start of each experiment, the set up with the complete cell and corrosive solution was permitted to be steady for 30 minutes. This was conducted to get a stable potential to ensure smooth running of experiments [13] . Electrochemical Impedance Spectroscopy (EIS) experiments were conducted in the 0.0001 Hz to 10 MHz frequency range. The chosen amplitude was 10 mV and the temperature was retained at 308 ± 1 K with the help of a water bath. Echem analyst software that comes with Gamry instrument was used to analyze the obtained results from the tests conducted.
The potentiodynamic polarization tests were performed at -250 mV to +250 mV with a scan rate of 1 mV s -1 [14] . The chosen scan rate is neither too slow nor too fast and it gives the smooth curve without much disturbances. The curves of the anodic and cathodic slopes were selected to detect the corrosion current density (icorr), corrosion potential (Ecorr) and other parameters. For each test, a new metal sample was used and the solution was kept unstirred. All the tests were repeated to ensure the reproducible results.
To test the hydrophillic and hydrophobic behavior of the steel surface, contact angle experiments were done using the drop technique. All the tests were performed using DSA100 Kruss instrument and prior to each test the electrodes were cleaned cautiously to prevent contaminations. The scanning electron microscopy (SEM) was done to detect the changes at the external area of the metal. SEM was conducted using Tescan machine. The samples were washed with sodium bicarbonate solution to remove the corrosion products followed by distilled water prior to surface exposure.
RESULTS AND DISCUSSION

Weight loss experiments
Influence of AS concentration
The values of the inhibition efficiency (%) achieved through weight loss experiments for diverse concentrations of AS in 1 M H2SO4 are given in Table 1 . The corrosion tests were executed on triplicate samples and their mean rate of corrosion was determined. The following equation was followed to determine the rate of corrosion (CR) [15] :
where W be the weight loss, a be the total area, t be the time of immersion (3 hours) and D be density of mild steel in (gcm -3 ). The subsequent equation was used to determine the inhibition efficiencies (%):
WLi and WLb are the corrosion rates with and without AS, respectively. The efficiency (%) tend to rise with increase in the AS concentration and corrosion rate tend to decrease with rise in inhibitor concentration as exposed in Fig. 2 and Table 1 . As inhibition efficiency can be correlated to the surface coverage, with escalation in efficiency surface coverage also increases. Maximum inhibition efficiency is found to be 94% for 400 ppm AS. The efficiency did not exceed much after the concentration was increased to 500 and 600 ppm, so 400 is chosen as the optimum concentration for the AS. The adsorption of AS on the steel surface took place through the heteroatoms present in the solution that formed a coating on the steel surface and blocked the corrosive media [16, 17] . 
Influence of Immersion time
The influence of immersion time on the efficiency of AS to inhibit mild steel corrosion in 1 M H2SO4 is revealed in Fig. 3 . It is observed that the inhibition efficiency declines with growing time period from 2 to 8 hours. The phenomenon points that desorption of the AS particles from metal surface occurs with rise in the time period. The corrosive solution of sulphuric acid is able to penetrate the inhibitor film and attack the steel surface. 
Acid concentration influence
The different concentration of sulphuric acid was prepared from 0.5 to 2.0 M to analyze the change in the efficiency of AS inhibitor as is exposed in Fig. 4 . The inference is strong that with the modification in the concentration of acid from 0.5 M to 2.0 M, inhibition efficiency varied from 96.3% to 72.1%. The alteration in the efficiency with rising concentration of acid points toward the weak bonding of the AS particles with steel surface or less effective nature that could be ruptured due to the presence of acidic media. It could also be deterred as with rise in acid concentration the concentration of the inhibitor used should also be increased for better inhibition efficiency. 
Influence of Temperature
The influence of temperature on the corrosion of mild steel in 1 M H2SO4 solution with and without 400 ppm AS was conducted using weight loss technique for a duration of 3 hours. The temperature was varied from 308 to 338 K. Fig . 5 shows the temperature versus inhibition efficiency and corrosion rate diagram. One can keenly observe from the figure that with an rise in temperature the inhibition efficiency decreases and likewise the corrosion rate increases at optimum concentration (400 ppm) of AS. This decrease in inhibition efficiency at high temperature suggests that the AS cannot perform at high temperature conditions. The increase in corrosion rate also points towards the aggressiveness of acidic solution at high temperatures. This may be due to desorption of the AS particles from the mild steel surface that let the corrosive solution to attack the steel surface thereby increasing the rate of corrosion [18] . Also, it may be attributed to the thin film of the AS that was removed or blistered at high temperature.
Adsorption isotherm
The Arrhenius equation given below was followed to determine the activation energy of the system [19] : 
where CR represents the rate of corrosion, λ be the constant, Ea represents the activation energy, R be the gas constant, and T be the temperature. The values of log CR (mpy) and 1/T x 10 -3 (kelvin) were accounted for determination of activation energy as exposed in Fig. 6a . The transition state equation used is an alternative form of the Arrhenius equation [20] :
where h represents Plank's constant, N be the Avogadro's number, S represents entropy and H   represents enthalpy. A linear fit straight line is obtained from log (CR/T) versus 1/T graph as exposed in Fig. 6b . The values of ΔSº and ΔHº were determined from the slope and intercept as tabulated in table 2. The data in Table 2 displays that activation energy (Ea) of mild steel in 1 M H2SO4 solution is greater in the presence of the AS. On the other hand, it is lower in the acidic media without AS inhibitor signifying that the inhibitor drops the inhibition efficiency at elevated temperature [21] [22] [23] [24] . The value of activation energy (Ea), 21.0 kJ mol -1 for 1 M H2SO4 and 62.7 kJ mg -1 of 400 ppm inhibitor was determined from the slope of the straight line. The greater value of Ea in presence of AS is due to the very strong adsorption of AS particles on the steel surface. The molecules formed a strong film/complex with the metal surface that reduced the dynamic centers and served as a protective layer [25] . The values obtained for free energy of adsorption (G  ads) shows a negative sign signifying the spontaneous nature of the corrosion process [26, 27] . The equation below was used to determine the values [28] . value of the AS is found to be 35.7 kJ/mol. This value is lesser than -40 kJ/mol demonstrating that AS is adsorbed physically on the surface of mild steel [29] . The negative parameter of Gads specified the impulsive adsorption of AS particles on the steel surface [30] .
Higher values of Kads represents better adsorption of the AS particles on the steel surface as it is related to the free energy. Chemical compounds establish corrosion mitigation by adsorption. The adsorption of AS is inclined by the natural structures of molecules present in the root extract, nature and external charge of metal, and type of aggressive media [31] . The physical adsorption requires the presence of electrically charged metal surface and charged particles in the bulk of solution. The steel surface consists of unoccupied d orbitals and lower energy orbital, through which it can form complex with the heteroatoms present in the AS molecule [32] .
The statistics for the interaction between the AS particles and steel surface can be reflected by the isotherm of adsorption. The process is based on a chemical reaction where the AS molecule displaces the water molecule present on the steel surface and get adsorbed [33] . 
where, Org(sol) and Org(ads) are the AS particles in the solution and adsorbed particles on the steel surface, H2O(ads) represents the water molecules, x be the size ratio. The surface coverage values obtained through weight loss, EIS and polarization experiments were accounted to fit several isotherms of adsorption such as Flory Huggins, Langmuir, Temkin, and Frumkin. The good fit of these isotherms can signify the nature of adsorption by the AS molecules. Surface coverage (θ) can be correlated to the concentration of AS inhibitor as shown below: 
where, b defines the adsorption, a represents molecular interaction, K be the equilibrium constant. Among all the isotherm of adsorption, Langmuir showed the best and linear fit to the surface coverage parameters as depicted in Fig. 7 . The values of regression coefficient was close to 1 for all the experimental data that signifies the good adsorption of AS particles on the steel in acidic media. All the acquired fits are in good agreement with each other. This justifies the adsorption of AS molecules on the mild steel surface that prevents its corrosion from 1 M H2SO4 solution. Nyquist figures of mild steel in 1 M H2SO4 with and without AS are specified in Fig. 8a , and it can be detected that the width of the semicircle rises with increasing AS adsorption. This rise in semicircles of capacitance recommends that the mitigation behavior of AS is due to its adsorption on the mild steel surface deprived of varying the corrosion process [34] [35] [36] [37] [38] . Furthermore, Fig. 8a shows the higher and lower frequency regions with similar capacitance but with different diameter. In the bode plots (Fig. 8b) , the slope values tend to increase in existence of AS than in its nonexistence ( Table 3 ). This indicates the inhibition action of AS on mild steel surface. In phase angle plots (Fig. 8b) , at the intermediate frequency the height of the peak and phase angle values increases as the AS concentration increases. The highest peak at 66.7 (400 ppm) AS concentration for mild steel was observed and reported in Table 3 . This is an indication of the development of protective obstacle that causes the isolation of the steel surface from the aggressive solution [39, 40] . Thus, in other words adsorption of the AS particles over the steel plays the significant part, which ultimately increased its corrosion resistance property.
Electrochemical measurements
Electrochemical impedance spectroscopy (EIS) tests
The results of the impedance parameters achieved after fitting the curves of Nyquist with the corresponding circuit ( Fig. 9 ) are tabulated in Table 3 . The Randle's equivalent circuit model contains capacitance CPE, which is in parallel with charge transfer resistance (Rct) and they are overall in series with the solution resistance (Rs). The frequency dependent distribution of the current density along the metal surface can be compensated by using the CPE in place of pure capacitor [41, 42] . The CPE impedance (ZCPE) was calculated using the below equation:
where j be an imaginary number ( 1 j =−), Yo be the admittance and constant for CPE, ɷ be the angular frequency, and α be the phase change [43] . The addition of AS molecules causes the modification of the capacitance parameters owing to the adsorption at the steel-liquid interface. Thus, it become important to calculate the double layer capacitance (Cdl) data, because the representation of Cdl by CPE and Yo is not accurate when the values of α is less than 1. The accurate relationship between the Cdl and CPE can be calculated using the equation [44] :
For electrochemical impedance the effectiveness of AS was evaluated using the equation below:
where Rct(i) and Rct(b) represent the values of charge transfer resistance with and without AS in 1 M H2SO4 correspondingly [45] . According to the Table 3 , the Rct values rises and Cdl declines with the addition of the AS to the corrosive solution. This can be ascribed to the adsorption of AS fragments over the mild steel surface and reduces the direct connection between the metal and hostile solution [46] . In addition to this, the increasing values of the efficiency of inhibition in existence of AS further support the protection ability of AS. Fig. 10 depicts the potentiodynamic polarization pictures of the mild steel with and without AS in 1 M H2SO4 media. As can be seen from the figure that both the hydrogen evolution (cathodic) and steel dissolution (anodic) processes were affected after the accumulation of AS in the acidic solution [47] . Although, the overall mechanism was not affected by the addition of the AS as neither the anodic nor the cathodic shift was observed. The polarization data such as Ecorr, icorr, and anodic (βa), and cathodic (-βc) slopes were determined from the experiments done using the equation below [48] :
Polarization tests
icorr and icorr(i) signify the corrosion current density with and without AS. The little shift towards cathodic region after the addition of AS, may be owing to the fact that the adsorption of AS molecules on the steel surface hindered the corrosive media attack on the working electrode as is evident from the -βc values reported in Table 4 [49] . So, the addition of AS in the acidic solution did not changed the overall corrosion mechanism. There was also a little change in the anodic values of βa that may be endorsed to the development of protective layer of AS molecules on the mild steel surface that further blocked the active centers present on the surface, thereby slowing the dissolution process [50, 51] . The maximum inhibition efficiency of 94% at 400 ppm concentration was observed suggesting the lower corrosion rate in presence of AS. The corrosion potential did not showed much variation or shift and was quite stable. The conclusions of research papers suggests that if the shift or movement in corrosion potential is  85 mV with reference to the blank (1M H2SO4) solution, then only an AS can be classified into anodic or cathodic inhibitor [52, 53] . But, from Fig. 10 and Table 4 , the shift is very evident and is found to be 12 mV. So, based on this theory AS can be classified as mixed type AS.
Surface Characterization
Contact Angle
To detect the surface behavior of mild steel with and without AS, contact angle tests were conducted. Contact angle tests can provide essential information regarding the hydrophillic and hydrophobic nature of the steel. The samples were degreased and cleaned several times before test to remove all kinds of contaminants. A baseline establishment was completed after several attempts to perform the tests smoothly using the sessile drop technique. The solution was dropped using a syringe and was repeated for three times to make sure the reproducability of the tests. The 1 M H2SO4 solution without AS recorded a lower contact angle of 11.6 as shown in Fig. 11 . This may be endorsed to the surface of the steel that is in direct connection with the corrosive environment. The corrosive solution can directly attack the steel surface and due to this water loving nature it is termed as hydrophillic surface. Whereas, when the AS was added in the solution, it formed a film at the steel surface and due to the presence of this film the contact angle begin to increase. It was 102.4 at 400 ppm concentration suggesting that the film blocked the corrosive solution to reach at the steel surface and this nature is termed as hydrophobic behavior of the surface. So, the surface was hydrophillic without AS and hydrophobic with AS. This justifies the good inhibiting action of AS in 1 M H2SO4. 
SEM characterization
To observe the range of protection of the steel surface by AS, the morphology of mild steel surface submerged in 1 M H2SO4 without and with 400 ppm AS was checked using SEM. In order to get a clear picture of AS action the steel surface without AS was exposed to SEM first and the result is represented in Fig. 12a . The surface is very rough, corroded and irregular. The corrosive solution attacked the mild steel surface and due to oxidation the steel formed rust after corroding. While, in presence of AS the steel surface was smooth, regular and less corroded as shown in Fig. 12b . The abraded lines can be seen and the surface is much better than without AS. This proposes that the AS formed a shielding layer on the steel surface that inhibited the corrosion progression by blocking the corrosive solution from attacking the metal surface. 
CONCLUSIONS
• Stem extract of Angelica sinensis can be used as potential corrosion AS for mild steel in 1 M H2SO4 solution. • The weight loss tests showed that the corrosion rate declines with AS while the inhibition efficiency rises.
• The impedance studies revealed that the charge transfer resistance increases in presence of AS and double layer capacitance values decreases.
• Polarization studies pointed that the anodic and cathodic shifts are mixed type in nature, so the AS could be categorized in mixed class AS.
• Contact angle showed the hydrophobic nature of the steel in presence of AS. SEM showed the smooth mild steel surface with less roughness in presence of AS.
